Abstract Microelectrode measurements were conducted to obtain nitrate, pH and redox potential profiles within anoxic denitrifying biofilms. The influence of a toxic organic compound (acid orange 7) on biofilm microprofiles was also monitored using microelectrodes. The data provide evidence that the denitrifying biofilms were stratified into an anoxic layer and an anaerobic layer. The anaerobic zone might provide a niche for the biodegradation of recalcitrant organic compounds in biofilms. It was found that acid orange 7 and its biodegradation byproducts had only a slight impact on biofilm nitrate, pH and redox potential profiles.
Introduction
Biofilm reactors are widely used for nitrogen removal in wastewater treatment processes due to their long biomass retention times. Two sequential processes, aerobic nitrification and anoxic denitrification, are generally designed for the biological elimination of nitrogen from wastewater. The anoxic denitrification process removes nitrogen by reducing nitrate (NO 3 -) and/or nitrite (NO 2 -) to nitrogen gas (N 2 ) and nitrous oxide (N 2 O). In this process, nitrogenous oxides serve as respiratory electron acceptors and are reduced by a unique suite of complex enzymes.
With an increasing number of organic chemicals introduced into the environment, the performance of biofilm reactors is affected by the toxic organic compounds present in the wastewater. Many of these compounds are recalcitrant under aerobic environments. Azo dyes are a group of synthetic colorants, not readily biodegradable in aerobic activated sludge or biofilm processes (Ganesh et al., 1994) . However, the electron-withdrawing characteristic of azo bonds (-N=N-) makes it possible for them to serve as electron acceptors under anoxic conditions, thus interfering with the denitrification process.
At the microscale, toxic compounds can affect biofilm performance by shaping the biofilm microbial community structure and function, which are determined by physicochemical factors and genetic mechanisms (Wimpenny, 2000) . The development of microelectrode techniques is a revolutionary advance in the measurement of both absolute levels and changes in chemical species in biofilms. Microelectrodes provide in situ measurements of microbial activities within biofilm with very small disturbance. During the last decade, microelectrodes have been widely applied in the field of microbial ecology, giving valuable information on the microscale distribution of oxygen consumption (Fu et al., 1994; Horn, 2000; Lewandowski, 1993; Revsbech, 1989) , sulfate reduction (Yu and Bishop, 2000) , nitrification and denitrification (de Beer et al., 1997) . More microelectrodes relevant to microbial ecology, such as CH 4 , NO 2 -, and CO 2 , have been developed recently indicating the dynamics of this field.
The goal of the present study is to characterize the microprofiles of nitrate, pH and redox potential for anoxic denitrifying biofilms and monitor in situ the effect of acid orange 7 (AO7), a common azo dye, on the biofilm physico-chemical environment using microelectrodes. Microelectrode fabrication. Three different types of microelectrodes, including nitrate (NO 3 -), pH, and redox potential (ORP), were fabricated for this study. Nitrate and pH electrodes are liquid membrane ion selective microelectrodes. Ion selective electrodes permit the potential measurement of the activity of a given ion in the presence of other ions. An ion selective electrode system normally consists of a galvanic half-cell containing the liquid membrane, the internal filling solution and the internal reference electrode; and another half-cell represented by an external reference electrode in contact with a reference electrolyte. A cell potential (electromotive force (EMF), potential difference at zero current) is established when the ion selective electrode and the external reference electrode are both in contact with the sample solution. The cell assemblies of nitrate and pH microelectrodes used in this study were: for pH: reference // sample solution // pH membrane // pH 7 buffer // AgCl, Ag; and for nitrate: reference // sample solution // NO 3 -membrane // 0.5M KCl + 0.5M KNO 3 // AgCl, Ag .
The compositions of the pH and nitrate liquid ion selective membranes are shown in Table 1 . All ion selective microelectrodes were evaluated before potentiometric measurements of ion activities in biofilm samples were made. The reference electrode used for all calibration and experiments was an Ag/AgCl mini-electrode (Microelectrode Inc., No. MI-409). Important parameters for the calibration and evaluation processes include: electrode function, detection limit, selectivity factors, reproducibility of EMF, response time and lifetime.
The redox potential microelectrodes were made by coating thin layers of low melting point lead glass onto etched platinum wires. The ORP microelectrodes were calibrated in redox standard solution (ASTM D1498-93), and their performance was compared to a commercial large-scale redox potential electrode.
Microelectrode measurements. Biofilms were taken from the rotating drum biofilm reactor after the denitrification process reached a pseudo-steady state. Intact biofilms were placed into a flow cell located in a Faraday cage. The nutrient medium used during measurements was a mixture of biofilm reactor bulk solution and freshly made synthetic feed to give a sufficient supply of carbon and nitrogen for the microbial denitrification processes. Each microelectrode was mounted on a motor-driven micromanipulator and penetrated perpendicularly from the surface of the biofilms to the substratum at 100 µm intervals. A stereomicroscope, CCD camera, and color monitor were used to monitor all measurements.
Results and discussion
Microelectrode performance. The standard solutions used in the calibration of pH microelectrodes were pH buffer 6, pH buffer 7 and pH buffer 8. The nitrate microelectrodes were calibrated in standard solutions containing 1 mg-N/L, 10 mg-N/L and 100 mg-N/L NaNO 3 . All microelectrodes were also calibrated in the same solutions used for the biofilm experiments. Ion chromatography was used to determine the original ionic concentration in the sample solutions. Figure 1 shows a typical calibration curve of the pH microelectrode. The slope of the linear regression was 52.8 mV per pH unit. The practical pH measuring range for a pH microelectrode was between 5.5 and 12.0. The calibration was done with pH buffer 6, 7 and 8, which covered the pH range of the biofilm samples. The 90% response time was close to 5 s. Figure 2 shows the calibration curves for two different nitrate microelectrodes. The slopes of the linear regressions were 48.6 mV per concentration decade for electrode No. 1 and 50.8 mV per concentration decade for electrode No. 2. The 90% response time was between 5 to 6 s. Figure 3 shows the calibration results of a redox potential microelectrode and a commercial large-scale redox potential electrode.
Microprofiles in denitrifying biofilms. Biofilms used for microelectrode studies were obtained after the denitrification process reached its maximum nitrogen removal efficiency (95%). The average thickness of the biofilms in the reactor was 1,500 to 2,000 µm as measured by microelectrodes. Figure 4 shows the nitrate, pH and redox potential microprofiles in a biofilm with a 2,000 µm thickness, measured by microelectrodes. The nitrate-N concentration in the bulk solution was 10 mg/L. From the data obtained using large-scale dissolved oxygen electrodes, the bulk liquid DO concentration was less than 0.1 mg/L. Therefore, nitrate was the only electron acceptor in the biofilm. The nitrate concentration decreased to 8 mg-N/L at the biofilm surface and reached zero at 800 µm from the biofilm surface. In the mean time, pH increased from 7.0 in the bulk solution to 7.8 at the biofilmwater interface and reached 8.5 in the biofilm at 500 µm from the biofilm surface. The pH then decreased gradually to 7.2 at the bottom of the biofilm. These data suggest that denitrification only happens at the top layer of a thick biofilm. It is likely that the biofilm was stratified into an anoxic zone and an anaerobic zone. Moreover, the redox potential profile shows that the ORP decreased from -50 mV in the bulk solution to -180 mV at the biofilm bottom. In previous studies, AO7 was found to decolorize (cleavage of the -N=N-bond) in denitrifying biofilms (Li, 2001) . The redox potential profile measured by microelectrode shows the existence of an anaerobic zone underneath the anoxic zone of the denitrifying biofilms. It is likely that the anaerobic zone provided a microbial niche for the dye decolorization. Figure 5 shows the nitrate profile in the biofilm after 25 mg/L AO7 was applied for 30 min. As compared with the data obtained without AO7, a slightly higher nitrate concentration was observed throughout the biofilm. Microbial activities were probably the major factors affecting the biofilm microprofiles. The results from pH and redox potential profiles (data not shown) confirmed that AO7 and its biodegradation had slight influence on the biofilm pH and ORP profiles within the 30-min period. This agrees with the results obtained from previous experiments conducted in our lab, that biodegradation of organic matter are inhibited 10-20% by azo dyes, since most denitrifiers are the same heterotrophic bacteria that degrade organic matter. 
